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EXFERIMENTAL STUDY OF COLLINEAR SLOT ANTENNA
(An Application of Babinet's Principle)
by
Thaddeus Kaliszewski
Cruft Lahoratory, Harvard University

Cambridge, Maesachusetts

Abstract

The effect of a high impedance transmission-line coupling on the cur-
rent and ghasé relationship on a three-element, center-driven, collinear
slot array at 10 cm wavelength is studied. A brief summary of theoretical
resulte is followed by a detailed description of apparatus and the measuring
proceduras. Useismade of Babinet's principle in carrying out the measure-
ments in an attempt tc 3seess the validity of complementary slot techniques.

Results thus obtained are comparad with the theory and with alterna-
tive measurements made on a similar siructure employed at much iower
frsgquency.

!

Introduction

The requirements of high directivity of any radiating system usually
impose a8 number of conditions on the current and its relative phase d.stri-
bution along the radiating surfaces.

in the cascof a collinear array this condition in its mcst ssvere form
requires unidirectional currents on all of the radiating elements. It hasbeen
shown by King [1], that in the case of 2 center driven collinear array, with
two closely coupled parasites, the currents on any of the two outer elaments
are approximately equal in magnitude and opposite in phasc. Such a curreni
distribution ia characterized hy a field pattern having significant iobes in the

phase of symmetry of the antenna as well as along symmetriczl cones in the
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two hemispherers. Although such 2 field pattern may be desired for some
zpplications, its directivity is obviously much lower 2nd in crder ¢to improve

it some methods cf reversing the phase must be enployed.

A rather obvious method would be of course, to drive each element
individually in phase a situation which is far from being ideal since the
presence of iransialission-line feeders in a non-neutral plane complicates
the field pattern. An alternative, and far more convenient method was
analyzed by King [1]. The principal advantage of this method lies in its
eimplicity. A three element array, consisting of a center-driven and two
collinear elements coupled to the central unit by high-impedance trans-
miasion lines displays the desirable properties of unidirectional currents.
The high-impedancz transmission line consists, for structural reasons of
a quarter-wavelength short-circuited stub, and acts as a phase-revereing

network,

It is the subject of this experimental study te confirm and check the
semi-quantitative analysis of such a structure. This is in a sense a
complementary study as =2 identical structure was invaesiigated recently
by Tang [2], the difference being in method and the medium of measuremrents.
Tang has carried out his investigation for a resonant array at 50 cm wave-
length, using the image-plane techniques. The present atudy is concerned
with measurements at 10 cm wavelength and employs the complementary
slot techniques. Thus, bessidas basing 2 check on the analytical results it :

is also a study in the application of Bakinet's principle.

A brief exposition of thia principie seems to be in order at this point,
although there are several excellent papers available cn this aubject (3,4,5]
and related aprlications. In effecit, Babinet's principie as applied to the
problerm of complementary slcts holds that any plane system of current-
carrying corductors can be represented by an eguivalent arrangement of
glots cut in an infinite, perfectly conducting and infiniteiy thin screen.

The alots have to be driven in such a way as to esteblish the required
correspondence between the magnitic field oi the wire sysatern: and the eisciric
field of the slots [4]. Specifically, then, the electric field distribution

3cross the slot system is said to be a measure of the rmagneatic field or

current distrihution on the wire structure. This correspondence has been
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confirmed experimentally ir several studies [5], and although it is subject
to limitations, due to the impozed physically unrealizable conditions, it does
constitute a realizable basis for an alternative, or, as in the case of unsym-
metrical structures, for the only available experimental technique. The
symmetrical structures employed at very short wavelength can, of course,
be studied using an image plare and the similitude principle.

The results of this study, reinforce the validity of Babinet's Principle
though none of the severe conditions, mentioned above was fully satisfied. The
description of the experimental procedures, used in connectior with the study of
fieldor current and phase distributicn on a complementary collinear sictarrayis
givenelsewhere inthis report. Abrief summary of pertinent theoretical results,
is given in the following szction.

11

Summary of Theoretical Considerations _

The antenna investigated here is essentially a two dimensional structure
and as yzt, has not been analyzed rigorously. However, a semi-quantitative
analysis has been advanced by King [1] for the casce of a quarter wavelength
short transmission line coup* ng. King considers two parallel problems,
one, symrmetrical with all three units driven in phase and another, with the
two outer units driven in phase opposition. The solution of the two problems,
superirnposed, yields the deaired information about the original, centerdriven
array. For the in-phase or symmetrical problem, the sffect of the quacter
wavelength phase reversing stub on the antenna current distribution is in-
significant as the impedance presented by the stub to eguzl and oppcsite
currents is axtremely high and the radiation from the line practically
negligible. Under these conditions, the symmetrical problem reduces io
one analyzed very extensively, namscly te collinear array with s2ch element
driven individually, and in phase. The current for such a problem is known
10 be nearly sinusoidal except for slight assemetry on outer units equal in
magnitude and in phase on all elements, The antisymmetrical problem pre-
sents a little more complicated picture. King resolves in ihto a roughly
equivalant collinear array with the center element of electrical half-lengthk
f,',oh = 7 and the outer unita asymmetrically driven, The currents oa such an

array are approximatcly those of a dipcle of thia same length and are much

s e s
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smaller than ca antenna for which poh = w/2. It is then permissibie to say
that the superimposed solution of the two problems is approximately equal
to that of a symmetrical case with currents affectively reversed in phase.
Obviously, additional currents are maintained on the antenna and the coupling
ling, and as was estimated by Tang[ 2] their contribuiions to radiationfields
is not necessazily negligible, although it is small as compared with the field
produced by codirectional, symmetrical currents. Tang has aisvestablished
that, ingeneral the phase reversal may be expected to take place at the total
length of the coupled unit and the line s2qual to an odd multiple of a quarter-
wavelength. The lengtn of the center eleiniant is; according to Tang, un-
important so far as the phase rzversal is concorned. To summarize, then
the theory predicts for a quarter-waveiength short-circuited transmission
line coupling, a nearly sinusoidal, equal and codirectional currents on ali
slements. This information, in addition to the known current dictribution
for acenter-drivenarray withtwo collinear parasites which it maybe repeated,
is sinusoidal, egqual in magnitude and opposite in phase constituies a sufiiciznt
criterion, by which the results of this experimental study can be judged. A
moredetailed exposition of the underlying theory c2n of course be found in

the quoted references.

111

-

Experimental Procedures

The objectives of this study and its intoanded method of execution
require a relatively eimple experimental set-up. Ita construction was
orimarily determined by the conditicnimplied in Babinet's principle and
the simplicity called for by a limited time. The apparatus used in this
study is shown in Fig. 1. It consists essentially of an aluminum ground
screen [5] 4 iset by 6, elevated some 3 feetabove the flcor. In its center
is a rectanguiar opening, 8 by 10.5 inches, in which a plate containing the
deeired slot configurations is placed. Shown in the picture ia alsc the
metallic supensionbridge anc a movable probe, having 2degrees of freedcin
and some 30 cm range in the dérection parallel to the rlots.

The probe ies of an electrictype and iz mades of a 520hm coaxial cable,
(.031 x .31 inches) with a protruding {.5 cm loug) center conductor. The
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cabie i3 supported by an 8 inch slotted polystyrene rod attached to a tranaition
block, also made of polystycrene. For ccnstruciional reasons, the axis of a
suspended probe forms a 10 degree angle with the screen, thus making it
poseible for the probe to sampla the field at an elevation less than .1 cm from
the plane containing the slots. The slot feeder, shown in Fig. 2, consists of

a3 two-wire transmission line derived from & coaxial line and connected across
the center slot in its plane of symmetry. The plat#* containing the siots is
made of brass and measures 10% x 8 x -i- inches. In its center there are cut
three collinear siots, coupled by a slot equivalent of the transmission line of
adjustable length d. All pertinent dimensions are reproduced in thz sketch

of Fig. 3 and it is only necessary here tc point out that they represent a
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typical resonant structure of an equivalent expansioii {actor, defined for 2 wire
structure asQd=2 n%h- 10.6 and with the usual conditions fcr a nonradiating
transmissicn line well satizsfied. The array is excited by an unmodulated aignal
derived from the 3000 mc transmitter using single klystrontube of the Sperry 410R
type. Twoalternative methods for phase and amplitude measurements were de-
vised. Of these, only the one shownin Fig. 4 has proved to be useful for reasons
of its greater sensitivity tothe very weak signal samplad by the probe. Inthis
mothoduse is made of the Vectron Spectrum Analyzsr Model SA10 for both phase
and amplitude measurements. Inthe phase-rneasuring procedure two signals one
derived from a flat coaxial slotted line and the other from the probe, are compared
inthe spectrum analyzer. This is made possible as the analyzer has iwo separate
input terminals connected to a commonmixer. The typical measurement of the
relative phase of a signal sampled along the array relative in respect to the phase of
asignal atthe center of anarrxzy taken as o° degrees consisis thzn ci minimizing the
reading on the spectrum analyzer and noting the differences in wavelength izaveled
by a probe on the slotted line, The minima occur whenever the reference signals is
180 degrees out of phase with the signal under test. It may be added that for sharp
mini~.a both reference and sampled signals should have comparable magnitudes.
itis rather obvicus that the apparatus described here is a source of a number
of residualerrors, althoughitis difficult to estimate their significance. First, the
conditions of infinite ccnductivity, extent and thickness are not quite satisfied,
may include coniributions from the tra.ismission-lin: as well as from the surface
ofthe screen, although it is believed that the contributions from slots predominate.
Third, the inequality in the elevation of the plate may introduce considerable error
inthe amplitude measurements. The presence of a metallic bridge above the sur-
face of the screenisnctiLelieved tobe responsibe for any field distortionandif so,
itis maintained consistently throughout the experimsnt. Amongother possibles
vourcesofinaccuracies two more can be menticned: the small phase shift re-
sulting in the use of an attenuator in the phase measurements and posaible mis-
match of the reference line. As already remarked, itis difficultto estimatetc
what extent the enumerated errors affect the resuits. Iiisihis author's belief,
that the only reliable criteriontobe usedin this case is the consistency and re-
producibility of the measured quantities and their plausibility from the point of
view of theory and known alteraiative measursments.

Itie, then, with this knowledge, that we can p1 oceed next tothe discussion
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of the results and their evaluatioii.

v
' Resuits

The experimantal results are contained in Fig. 5to14. They were re-
corded with the coliinear array excited at 2 99 kinc and the VSWR of the slotted
line less than 1.05. Theyresence of nonlinsar alements (crystals) has made it neces-
sary to calibrate the system and this informationis presentedin Figs. 13 and 14.
Consequently, all remaining results are corrected according to this information.
The relative magnitudes of the sampled electric field as a function of position along
the array are shownin Figs. 5,7,and9. Theseare ithe importantcasesofa resonant
array coupied by a short-circuited transmissionline of variable lengthd. Three
curves,correspondingtod=0,d=2.5cmandd=5.0cmare sho'vn. Owing tothe
symmetiry of the array oniy half of the distribution nee.is t- ha nlotted. The results
are inagreement with the theory, and are cormnparabie o similar resulis obtained
by Andrews[6) and Tang[2]. The curvesfollc'v sine function closely, thus justi-
fying the common assumption of such anidealized distr.bution. The ratiocfampli-
tudes is 1.0, 1.74and 0.7 respectiveiy. Thiais shown more explicitelyin Fig 11
where the ratio of magnitude of the field atcenter of adriven eiement tothe magnitude
oithe iicid ai aceiter ola coupledelementis nlotted as a functionof variable iength
d. Thecurve oscillatesirregulariy absuithe average value 1.0. Plottedin the
samea figure is also the magnitude of the field at the center of the drivenelements;
it shows similar oscillations as the length of transmission-ling coupling dis varied.

The results of the phase measurements are shown in Figs. 6, 8,10and 12.
In Figs. 6, 8 and 10 the relative phase, referredio the center of the arrayasa
function of position, is shown for three values of d. Except for regions of
discontinuity, the results are in exceilentagrsement withtbe theory. They
show clearly the effact of coupling and the expscted reversal of phase for d = %—

A curve of 3 rslative phoaeae 2t the cenler of a coupied element as a
function of d is shown in Fig.12 This curve, in addition to being & con-
firmatiion for critical values of d, shows the continuity with which the
proccess of the phase reversal takes place. As befcre, the results compare
excellently with similar resulis obtained by Andrews (7 ], Tang {2 ] and
Hatch [8]. There exists some ambiguity asto the sign oif the measured

phase but this informationis of no particular interest as it is the relative

e

B

I




S

w o ame

e L L TR

TR202 -8-

phase difference ihat is included in the computation oi field pattern. For
this reason, no attempt is madz to assign any particular direction to the
plotted curves. convenience in representation being the only criterion used.

There is no doubt about the consistency and plausibility of the results.
A few words, however need to be said about their reprocucibility. Thecurves
shown here are plotied irom the test set of date of which five were taken for
sach quantity of inters2t. The deviatica i= individuzl sets were of an order
of not more than 5 per cent with a numbder af almost identical readings. It
is, therefore absoclutely certain that the general tendencies of these measure-
ments can be reproduced with sufficient dependability although ir view of the
medium in which they are performed, some discreparcies within the indicated
limit can be expected.

v

Conciusion

The resuits as presented in the preceding section permit the author
to restate a few basic conciusions concerning their agreement with theory
and the validity of experimental approach. The results of King's analysis
(i}, summarized in Section Z of (his report 2eem to be fully confirmed by
the present measuremenis. Specifically, the current distribution zlcag the

collinear array has been shown to be nearly sinusocidal for the three im-
A

portant cases of iransmission-line coupling of length & =0,4d = -i—‘ and d =35
The slight asymmetry anticipated in the distribution of currenat on the
coupled element is not evident from the results, but it should be emphasized
that snch an asyremetry was arrivad 2t for an idealized case of three indi-
vidual in-phase driven elements and does represent cily thc significani
radiating component of current. The ratio of the ampilitudes of currents

of the driven and parasitic element is nezrly 1.0, although this value is

most tree for d = 8. There is excellent agreement in so far ae the phase

measurements are ccucerned. The current on the parasite is nearly 186°
degrees out of phase with the current on the driven eiement for d = 0 and
4 = -),:- . Ford= ?i botk currents are in phase. For each value of 4, the
phase is found tc be nearly constant along the reapective elements. Such

behavicr wa2s algo predicied by the theory.
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The phase reversai of current on the coupled elements, found to be
true inthis study, constitutea the groztest single confirmation of the theory
and is especially valuable in asseesing the validity of Babinet's principle
and the experimental techniques ernployed. Further confirmaticn of this
argument is evident from the comparizon made with alternative procedures
and results discussed previously,

precedence in suppor¢ of complementary system techmque. The asimplicity
and reiative accuracy with which the measurements can be performed renders
it a valuable tool in investigating antenna structures not accassiktle to an
alternative procesdurcs. Cbviously, cauiion must be exercised in its uce as

it is subject to conditions difficult to realize in practice. Further study on
the limitation of this method 2nd the significance of various errors would

be a welcome undertaking.
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